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ABSTRACT Electric parameters and solvent conditions are known to influence the efficiency of DNA transfection of cells by a pulsed
electric field (PEF). A previous study (Neumann, E., M. Schaefer-Ridder, Y. Wang, and P. H. Hofschneider. 1982. EMBO (Eur. Mol. Biol.
Organ.) J. 1:841-845) has indicated that DNA topology is also an important determinant. We report an investigation of the PEF induced
uptake, stability, and expression of three different topological isomers, circular supercoiled (scDNA), circular relaxed (crDNA), and
linearized (InDNA) forms of the plasmid pBR322, by Escherichia coli strain JM105. Monomeric pBR322 prepared by the electroelution
from an agarose gel was in the supercoiled form. Treatment of the scDNA with wheat germ topoisomerase removed the superhelicity
and the DNA assumed the relaxed circular form. Treatment of scDNA by a restriction endonuclease, EcoRI or Hind Ill, linearized the DNA.
The MgCI2-dependent bindings of all three forms of DNA to the cell surface were indistinguishable. So was the PEF induced cell uptake.
In contrast, the transfection efficiency (TE) for the scDNA and the crDNA were high (approximately 2 X 1 0 gg-1 DNA at neutral pH),
whereas that for the InDNA was approximately five orders of magnitude lower (less than 1 X 103oig-1 DNA). Analysis by agarose gel
electrophoresis indicated that the PEF loaded InDNA was degraded by the host cell within 3 h. However, the loaded scDNA and the
crDNA were stable and expressed in the cytoplasm. We conclude that first, the PEF induced DNA entry into E. coli did not depend on the
topology of the DNA. As cellular uptake of DNA also correlated with the surface binding, these data support electrophoresis of surface
bound DNA as the dominating mechanism for the DNA entry. Second, the variations of TE for different topological forms of DNA
reflected their relative stability in the host cells. Third, since the loaded DNA could be either rapidly degraded by the host enzyme or
expressed, they were unlikely coated with a layer of protective lipid membrane. Thus, PEF induced cellular uptake of DNA is unlikely by
the endocytotic mechanisms as was reported previously for the liposomes (Chernomordik, L. V., A. V. Sokolov, and V. G. Budker. 1990.
Biochim. Biophys. Acta. 1024:179-183).
INTRODUCTION
Electroporation is a convenient method for introducing
foreign genes or plasmid DNA into living cells (1-3).
The transfection efficiency by electroporation is gener-
ally much higher than those by chemical methods and it
may soon approach the level useful for gene therapy (4-
6). With its versatility and ease of use, there are wide-
spread applications of the electrotransfection method in
molecular biology, genetic engineering and biotechnol-
ogy ( 1-8). Despite all these developments, it remains un-
clear how a pulsed electric field (PEF) can facilitate
DNA uptake by cells without severely impairing the nor-
mal function of the cell membranes. Likewise, little is
known about the factors which govern the efficiency of
the electrotransfection and the cell recovery after electric
shock. Because of this lack of knowledge of the basic
chemistry of electrotransfection, consistent results have
been difficult to obtain and the success or failure of an
experiment relies heavily on luck rather than on ability
and experience. Therefore, further improvement in
transfection efficiency (TE) to attain the level required
for gene therapy is not assured.
Several mechanisms have been discussed. Neumann
and co-workers have suggested that cell uptake ofDNA
is by the electrophoresis ofDNA in solution toward the
cell membrane and then across the electropores (9-10).
This thesis has been tested by Chizmadzhev and co-
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workers ( 11) who have shown that the TE is much higher
if an electric pulse drives the negatively charged DNA
towards the cell on the anode side. TE is reduced by one
order of magnitude ifthe polarity ofthe field is reversed.
They have also shown that increasing the viscosity ofthe
solution reduced TE, consistent with electrophoresis of
DNA through the bulk solution before its entrance into
the cells. Another interesting observation made by these
authors is that the DNA taken up by liposomes using the
electroporation method may be enclosed in a shell of
lipid and is inaccessible for binding by ethidium bro-
mide (12).
DNA uptake by electroosmosis is also considered a
plausible mechanism. Sowers et al. (13, 14) have shown
that a hydrodynamic flow towards the cathode is asso-
ciated with the electroporation event. DNA near the cell
membrane which faces the anode may be carried into the
cell by this hydrodynamic flow. Klenchin et al. ( 11) have
observed an elevated TE above the control sample when
the polarity of a PEF counters the electrophoresis of
DNA towards the cells. Electroosmosis is known to be
opposite to the direction of the electrophoretic move-
ment ofDNA ( 11).
Our previous studies ( 15, 16) have shown that at low
DNA to cell ratios (<0.5), binding of DNA to the cell
surface was a prerequisite for the electrotransfection of
Escherichia coli. DNA binding to E. coli was facilitated
by cations, with effectiveness in the order of Ca++ >
Mg" > Na+. It was also found that, DNA added to the
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cells pre-treated with a PEF could also transfect (i.e.,
transfection in the absence ofan electric field), although
the TE in this case was low compared to that ifDNA was
added before the electroporation (1 1, 15). These results
suggest that surface binding followed by the diffusion of
DNA through the electropores is a likely mechanism for
the electrotransfection of E. coli. The molecular weight
dependence of TE was also reminiscent of the diffusion
of flexible molecules on highly structured solid surface
for DNA uptake by the cells (16).
Despite these studies, investigators are confounded
with several crucial questions. First, does the TE reflect
the efficiency ofDNA entry into the cells? Second, how
does the TE and DNA uptake depend on the topology of
the DNA? Third, how is the TE related to the stability of
DNA in the cytoplasm after the cellular uptake? And,
fourth, is the PEF loaded DNA enclosed in lipid or
membrane vesicles, which protect them from degrada-
tion by the host enzyme? The PEF induced transfection
of E. coli JM 105 by the plasmid DNA pBR322 has been
used to answer these questions.
MATERIALS AND METHODS
Preparation of 3H-labeled supercoiled
plasmid pBR322 DNA
The plasmid (carrying a gene encoding ampicillin-resistance) was
loaded into E. coli JM105 by electroporation (see below). The cell
suspension was then plated on LB-agar solid selective culture medium
(LBASSCM) which contained 10 g Bacto-tryptone, 5 g Bacto-yeast
extract, 5 g NaCl, 15 g agar, 25 mg streptomycin, and 30 mg ampicillin
per liter. After overnight incubation at 37°C, a single colony was used
to inoculate 25 ml of LB selective liquid culture medium (LBSLCM)
which had the same composition as LBASSCM except the agar was
omitted. The sample was incubated at 37°C overnight in a shaker. One
ml ofthe culture was then used to inoculate 500 ml ofa special culture
medium which contained 7 g K2HPO4, 3 g KH2PO4, 0.05 g Na-citrate,
0.1 g MgSO4 and I g (NH4)2SO4 per liter. Immediately, 25 mg strepto-
mycin, 30 mg ampicillin, 10 ml 20% glucose, and 1 ml of a 4 mg ml-'
vitamin Bl solution, per liter were added to the culture. The culture
was incubated at 37°C in a shaker. At the mid-log phase (specific opti-
cal density OD6wnm of 0.8-1.0), a 2.5 ml of solution containing 34 mg
ml-' chloramphenicol, with or without 1 ml of 3H-thymidine (1 mCi),
was added. The culture was further incubated at 37°C for 12-16 h.
Cells were harvested and lysed with NaOH and SDS. Plasmid DNA
pBR322 (both radioactively labeled and unlabeled) was precipitated by
isopropanol and ethanol; purified by ultracentrifugation in a cesium
chloride/ethidium bromide density gradient. The monomeric scDNA
was isolated by the electroelution; purified by phenol, chloroform and
ethanol extraction; and redissolved to appropriate concentrations in a
TE buffer (10 mM Tris buffer containing 1 mM EDTA, at pH 7.4).
Preparation of crDNA and InDNA
of plasmid pBR322
lnDNA (3H-labeled or unlabeled) was prepared by the restriction endo-
nuclease treatment of the scDNA. The mixture (400 zd) contained 100
,ug scDNA (in 120 id), 245 ,d double-distilled water, 200 units EcoR I
(10 ,ul), 200 units Hind III (10 Ml), 15 ,l lOX buffer (enzymes and buffer
were supplied by Pharmacia LKB Biotechnology, Inc., Piscataway,
NJ). The mixture was thoroughly mixed and reacted overnight at
370C. The sample was then heated at 75°C for 10 min to inactivate the
enzymes. The lnDNA was then purified by phenol, chloroform and
ethanol extraction and redissolved in a TE buffer to appropriate con-
centrations.
crDNA was prepared by the treatment to completion ofscDNA with
wheat germ topoisomerase I. The reaction mixture (400 Ml) containing
100 Ag scDNA (in 120 ,l), 40 ,l 10 mM dithiothreitol, 30 units Topo I
(3 Ml), 40 Ml lOx buffer, 80 Ml glycerol and 117 Ml double distilled water
was thoroughly mixed and kept at 37°C overnight. crDNA was then
purified by phenol, chloroform and ethanol extraction and redissolved
to appropriate concentrations in a TE buffer.
Cell culture
E. coli JM 105 was grown in LB liquid culture medium (LBLCM) con-
taining 10 g Bacto-tryptone, 5 g Bacto-yeast extract, 5 g NaCl and 25
mg streptomycin per liter with vigorous shaking at 37°C. The over-
night culture grown to stationary phase was diluted IOOX with the
LBLCM medium and incubation was continued until it reached the
mid-log phase (OD600,,m of0.7 to 0.9). Cells were harvested by centrifu-
gation at 4,000 g for 10 min at 4°C, and washed twice with the binding
and electroporation medium (BEM), which contained 1 mM (or 0.1,
0.3, 3 and 10 mM) MgCl2, 30mM sucrose, 1 mM Tris buffer at pH 7.4,
and resuspended in BEM at a desired cell concentration (usually 1 x
10'0 ml-'). Cell suspensions were kept on ice before use.
DNA binding experiment
0.1 Mug of 3H-labeled pBR322 (scDNA, lnDNA, or crDNA) was added
to 500 Ml of cell suspension in BEM. After mixing thoroughly, the
sample was incubated on ice for 5 min and then centrifuged at 5,000 g
for 2 min. The radioactivity in the supernatant and the pellet were
counted with a Packard Model 1600CA liquid scintillation analyzer
(Packard Instrument Co., Inc., Downers Grove, IL). The DNA binding
ratio (BR) was defined as the ratio ofcpm ofthe pellet and the total cpm
of the sample.
Electroporation and assay for DNA
uptake and transfection
The apparatus for electroporation has been described (15). Basically, it
consists of a Cober 605P high voltage generator, an electroporation
chamber with two platinized platinum electrodes in contact with cell
suspension. The PEF (square waves of different field strengths and
pulse durations) was directly monitored with a Tektronix Model 5103
storage oscilloscope. The distance between the two electrodes was 0.15
cm. The sample volume was 50 Ml. The chamber was maintained at
2°C by circulating water and an PEF did not heat the sample by more
than 2°C, as was monitored by a thermistor probe with a time constant
of 0.1 s. When a sample was treated with multiple pulses, the time
interval between pulses ranged from 3 s to 10 min. After PEF treat-
ment, the sample was immediately transferred into 500 Ml ofLBSLCM
in an eppendorf tube and incubated at the room temperature (23-
250C) for a specified time and then assayed.
For transfection efficiency, the control and the PEF treated samples
were incubated at 370C for 1 h before they were diluted lOx or more
with the LBASSCM. Aliquots, each of 100 Ml, were plated on
LBASSCM. After overnight incubation (> 12 h) at 37°C, the number of
colonies on each plate were counted. For the assay of cell survival,
ampicillin was omitted from the culture. Transfection efficiency (TE) is
defined as colonies g-' DNA.
For the assay of 3H-labeled DNA uptake by cells, surface-bound
DNA was first removed by washing the PEF treated cells twice with the
LBSLCM, followed by treatment with DNAse I. The radioactivity in
the supernatant and pellet (by centrifugation at 5,000 g for 2 min) was
counted. Transfer ratio (TR) is defined as the ratio ofCPM in the cell
pellet divided by the total CPM of the sample.
To assay for the plasmid DNA inside the PEF treated E. coli, a
sample and its control were incubated at 37°C for varying lengths of
time (0 min, 10 min, 30 min, 1 h, 3 h and 5 h). Residual surface bound
DNA was then removed by washing with buffer followed by the DNAse
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FIGURE I MgCI2 facilitated binding of the three topoismers of
pBR322 DNA to E. coli JM105. Each sample (500 Ml), contained 5 x
I09 cells in BEM buffer (1 mM Tris buffer at pH 7.4, 30 mM sucrose,
and a given concentration of MgCl2), kept on ice, was added 0.1 ,ug of
3H-labeled pBR322 DNA and thoroughly mixed. After 5 min of incu-
bation, the mixture was centrifuged at 5,000 g for 2 min. Radioactivi-
ties in the supernatant and the cells were determined separately. DNA
transfer ratio is defined as CPMs in the cells divided by the total CPMs
of sample. Data in 0 are for scDNA, in E for crDNA, and in A for
lnDNA.
I treatment, as described above. After centrifugation, the cells were
lysed with NaOH and SDS. DNA was isolated and purified by ethanol,
phenol and chloroform extraction, followed by a treatment with
RNAse to remove RNA. The plasmid DNA was identified by agarose
gel (0.8%) electrophoresis with TAE buffer (40mM Tris-acetate, 1 mM
EDTA, at pH 8.0).
RESULTS
Similar surface binding and PEF-
induced cell uptake for the three
topological isomers of DNA
As has been shown previously, binding ofplasmid DNA
to the cell surface is essential for PEF induced transfec-
tion ofE. coli and this binding is facilitated by the milli-
molar concentration ofCa++ or Mg". Fig. 1 presents the
DNA binding ratio (DNA bound/total DNA) as a func-
tion ofthe added Mg++ for the three topological isomers
ofthe 3H-labeled pBR322 DNA. Each sample contained
0.2 ,ug ml-' ofDNA and 1 X 1010 ml-l of cells. All three
forms of DNA (scDNA, crDNA and lnDNA) showed
identical binding and similar dependence of binding on
the Mg++ concentration.
The PEF induced DNA uptake of the three forms of
DNA is compared in Fig. 2. A broad range ofexperimen-
tal conditions was tested to see ifsubtle difference existed
in the PEF induced uptake for the three forms of DNA.
When the duration of PEF was fixed at 1 ms and only a
single pulse was applied to each sample, the logarithm of
the DNA transfer ratio (TR) increased monotonically
with increasing field strength (Fig. 2 A). No difference
was observed for the three forms of DNA. Similarly,
when the field strength was fixed at 6 kV cm-', log [TR]
increased with increasing pulse width (Fig. 2 B). Again,
no difference was discernible for the three forms of
DNA. In Fig. 2 C, log [TR] is plotted against number of
pulses applied to each sample, with two conditions
(curve I for data using 6 kV cm-l-I ms pulses and curve
2 for data using 4 kV cm-1-2 ms pulses). No difference
in TR was detected for the three forms ofDNA. Varied
durations between pulses also did not demonstrate any
differences in TR for the three forms of DNA. Fig. 2 D
shows the results of such an experiment using three
pulses of 8 kV cm-'- 1 ms PEF.
Reduced transfection efficiency and
stability for InDNA in E. coli
In contrast to the DNA transfer ratio, the TE was found
to be several orders of magnitude lower for the lnDNA
than those for the crDNA and the scDNA. For an experi-
ment using a single PEF of 1 ms duration, plots of
log [TE] versus field strength for the three topoisomers of
pBR322 are shown in Fig. 3. Percent cell survival is also
shown. At the optimal field strength (- 10 kV cm-'), the
TE for the scDNA and crDNA were approximately five
orders of magnitude higher than the TE for the lnDNA.
Since PEF induced DNA uptake by E. coli was identical
for the topoisomers ofDNA, this difference in TE could
mean either that lnDNA was unstable in the cytoplasm
or that it could not be expressed in the host cells.
The stability of the loaded plasmid was examined by
agarose electrophoresis, as shown in Fig. 4. After electro-
transfection with a single PEF of 8 kV cm-l- Ims, sam-
ples and control (untreated samples) were incubated for
different periods oftime and analyzed for the presence of
plasmid DNA in the cells by agarose gel electrophoresis.
Lane 1 shows the marker genes. Lane 2 is a control sam-
ple in which no plasmid DNA was present. Lanes 3, 4, 5,
and 6 show the lnDNA in the cytoplasm after 5, 3, 1, and
0 h of incubation, respectively. lnDNA was completely
degraded in the cytoplasm 3 h after loading by electro-
poration. Lanes 7 and 8 are the crDNA, 3 and 0 h after
electric loading, respectively. crDNA was found to be
stable in the cytoplasm. Lanes 9 and 10 are the scDNA, 3
and 0 h after electric loading, respectively. scDNA was
also stable in the cytoplasm.
Effect of molecular size on PEF
induced cell uptake
In a previous study (16) we have reported that the effi-
ciency of transfection depends on the molecular weight
ofthe plasmid DNA. An experiment with four scDNAs,
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FIGURE 2 PEF induced uptake ofpBR322 DNA byE. coliJM 105. (A) Dependence on field intensity. 0.5 ug of3H-labeled pBR322 was added to 50
,u of cell suspension (1 x 1010 ml-') in BEM buffer. After incubation on ice for 5 min, a single 1 ms-PEF ofvarying field strengths was applied. The
DNA transfer ratio (TR) was determined as described in Materials and Methods section. Data symbols are the same as those ofFig. 1. (B) Effects of
electric field duration. A single PEF (8 kV cm-') of varying durations was applied to 50 ,l of cell suspension and the DNA transfer ratio was
determined, as in A. (C) Effects ofmultiple electric pulses. Multiple pulses of6 kV cm-'- I ms PEF (curve 1) or 4 kV cm-'-2 ms PEF (curve 2) were
applied to each sample and DNA transfer ratio was assayed. Other experimental conditions were the same as those in A and B. (D) Effects of
duration between electric pulses. Three pulses of8 kV cm-'- I ms PEF were applied to each sample, with the duration between pulses (time) ranging
from 0.1 to 10 min. Other experimental conditions were the same as those ofA and B.
pUC 18 (2686 base pair, mol wt 1.6 X 106), pUCl 9 (2686
base pair, mol wt 1.6 X 106), pBR322 (4362 base pair,
mol wt 2.2 x 106) and PMSG (7626 base pair, mol wt
4.7 x 106), showed that TE was the highest for the
pUC18 and the pUC19, next for the pBR322 and the
lowest for the PMSG. PEF dependent cell uptake of
these plasmid DNAs was not measured. We have per-
formed a series ofexperiments similar to those shown in
Fig. 2 to compare the Mg++ facilitated surface binding
and the PEF induced uptake by E. coli under various sets
ofconditions. The results were similar to the data of Fig.
2, namely that, there were no difference in the DNA
binding ratio and the transfer ratio for the three different
sizes ofthe plasmid DNAs under a broad range ofexperi-
mental conditions.
DISCUSSION
PEF induced DNA uptake and
transfection of cells
These results demonstrate unequivocally that the PEF
induced DNA uptake by E. coli was not dependent on
DNA topology. Neither was it dependent on the molecu-
lar weight in the range 1.6 x 106 to 4.7 x 106. The much
lower TE of lnDNA compared to crDNA and scDNA
was due to the instability of the lnDNA in the host cell.
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FIGURE 3 Efficiency of PEF induced DNA transfection. Cells (1 x
1010 ml-') and DNA (0.01 tg ml-') in BEM were treated with a single
PEF of 1 ms duration, with varying field strengths. Data in 0 are for
scDNA, in * are for crDNA, and in * are for lnDNA. Percent cell
survival are also shown in the dashed curve.
lnDNA was rapidly degraded by the host enzyme. In
contrast, the crDNA and scDNA were stable and were
expressed.
The TE observed for the lnDNA which was low but
still higher than the control level (Fig. 3) could have
come from the contamination of scDNA and crDNA in
the lnDNA preparations. lnDNA prepared by using two
restriction enzymes, EcoR I and Hind III was purer than
the lnDNA prepared by using EcoR I only. The former
retained only 0.001% of the residual scDNA while the
latter retained 0.1% of the residual scDNA. The TE for
the latter was higher than that for the former (data not
shown). These observations indicate that lnDNA has lit-
tle resistance to the host enzyme and can not express in
the host cells. This is contrary to the observation ofNeu-
mann and co-workers for the electrotransfection of the
mouse L-cell (10). In this case, linearized DNA was more
effective for electrotransfection than the circular DNA.
However, in this case, loaded DNA must be integrated
into the chromosome of the host cell, and the TE could
depend both on the stability of the loaded DNA in the
cytoplasm and on the efficiency ofits integration into the
chromosome. It remains unclear why the higher molecu-
lar weight scDNA (PMSG) had a lower TE than the TE
of the lower molecular weight scDNA (pUC 18 and
pUC 19) (16) despite their equal efficiency in cell uptake.
Different mechanisms for DNA uptake
Our results indicate that DNA transfer ratio rather than
the TE should be used for formulating mechanisms of
PEF induced DNA uptake by cells. The TE can depend
on many factors which are not related to the electric
loading of DNA. Several of these factors which are rele-
vant to the PEF induced DNA uptake by cells are consid-
ered. (a) Electrophoresis of DNA across the cell mem-
brane. The results presented here support the electropho-
resis mechanism as the main contribution to the PEF
induced DNA uptake by cells (- 90%). However, electro-
phoresis ofDNA from the bulk solution would be inef-
fective for an electric pulse shorter than 1 ms because the
distance of DNA electrophoresis would be small. Our
previous data show that DNA binding to the cell surface
is essential. Thus, electrophoresis ofsurface bound DNA
would be the most plausible mechanism for the electro-
transfection of cells. The reduced TE on a viscous me-
dium does not necessarily mean that DNA must diffuse
through the bulk solution. The viscosity additives could
equally interfere with surface diffusion orDNA entrance
across the cell membrane. (b) Diffusion ofsurface bound
DNA across the electropores. This mechanism is sup-
ported by the observation that DNA added after the elec-
troporation can also transfect cells (11, 15). The low TE
in this case could mean either that the electropores rap-
idly shrank in size or that the contribution via this path-
way is minor. The contribution to the overall TE
through this pathway is small, in the range of a few per-
1 2 3 4 5 6 7 8 9 10
4 crDNA
-- InDNA
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FIGURE 4 Identification ofPEF loaded pBR322 DNA in E. coli by the
agarose gel electrophoresis. Cells and DNA in BEM were treated with a
single 8 kV cm-'-1 ms PEF at 2°C. The sample was then incubated at
37°C for a given period oftime. Cells were washed, collected, lysed, and
DNA extracted. DNA was run in 0.8% agarose gel, as described in the
Methods. Lane 1 shows marker genes; lane 2, a control sample (without
PEF loading ofpBR322 DNA), lanes 3-6, lnDNA incubated in cells for
5, 3, 1, and 0 h, respectively; lanes 7 and 8, crDNA incubated in cells for
3 and 0 h, respectively; lanes 9 and 10, scDNA incubated in cells for 3
and 0 h, respectively. lnDNA was unstable in the cytoplasm but crDNA
and scDNA were stable.
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cent (1 1, 15). (c) DNA entry by electroosmosis. Klenchin
et al. (11) have shown that even if the polarity of an
electric field was to drive DNA away from the cells, the
efficiency ofthe field induced transfection was still much
higher than that of the control sample. Since hydrody-
namic flow induced by the electroosmosis is opposite to
electrophoretic movement of DNA, the transfection in
this case could have come from both the electroosmosis
and the surface diffusion of DNA across the cell mem-
brane. Electroosmosis should become more important
when PEF's of longer duration are used (14). Contribu-
tion via electroosmosis ofDNA is estimated to be 10%
from the data of Klenchin et al. (1 1). (d) DNA entry by
endocytotic mechanisms. An PEF can induce many mor-
phological changes in cell membranes, one of which ap-
pears to be the endocytosis of the plasma membrane.
Chernomordik et al. (12) have shown that in liposomes,
DNA taken up after electroporation was inaccessible to
binding by ethidium bromide. They have suggested that
endocytosis of lipid membrane could be involved in
DNA uptake. In such a case, DNA uptake would not
depend on the topology of the DNA. Neither would the
endocytotic mechanism be sensitive to the size ofDNA
unless the difference in size were great. While, our results
can not unequivocally rule out endocytotic mechanisms
for DNA uptake, we do not favor such a mechanism.
The lnDNA taken up by the cells was accessible to the
host enzyme for rapid degradation. Thus, the loaded
DNA was not protected by lipid or membrane enclosure.
It remains possible that a small fraction of DNA may
enter the cells by endocytosis. Quantitative analysis of
contributions due to these four different effects of a PEF
remain to be done.
One should mention that in experiments involving bi-
polar oscillating field of high frequencies, diffusion of
DNA through the bulk solution can be ruled out because
DNA can not travel far before the polarity of the field is
reversed. However, bipolar PEF has been shown to be
more efficient for electrotransfection than unipolar PEF
(17, 18). If DNA is surface bound, an oscillating field
should greatly enhance the efficiency of transfection.
Low amplitude bipolar electric fields have also been
shown to induce DNA transfection (19). Since, the field
strength was insufficient to cause electroporation of cell
membranes in this case, electroconformational changes
of membrane proteins or lipids have been invoked to
interpret the results ( 19-21).
We thank Carol J. Gross for help with the manuscript.
This work was supported by a grant from Office of Naval Research to
T. Y. Tsong.
Receivedfor publication I April 1992 and in finalform
4 June 1992.
REFERENCES
1. Forster, W., and E. Neumann. 1989. Gene transfer by electropora-
tion. A practical guide. In Electroporation and Electrofusion in
Cell Biology. E. Neumann, A. E. Sowers, and C. A. Jordan,
editor, Plenum Publishing Corp., New York. 299-318.
2. Potter, H. 1988. Electroporation in biology: methods, applica-
tions, and instrumentation. Anal. Biochem. 174:361-373.
3. Tsong, T. Y. 1991. Electroporation ofcell membranes. Biophys. J.
60:297-306.
4. Toneguzzo, F., and A. Keating. 1986. Stable expression of select-
able genes introduced into human hematopoietic stem cells by
electric field-mediated DNA transfer. Proc. Natl. Acad. Sci.
USA. 83:3496-3499.
5. Felgner, P. L., and G. Rhodes. 1991. Gene therapeutics. Nature
(Lond.). 349:351-352.
6. Titomirov, A. V., S. Sukharev, and E. Kistanova. 1991. In vivo
electroporation and stable transformation of skin cells of new-
born mice by plasmid DNA. Biochim. Biophys. Acta. 1088:131-
134.
7. Chang, D. C., B. M. Chassy, J. A. Saunders, and A. E. Sowers,
editors. 1992. Guide to Electroporation and Electrofusion. Aca-
demic Press, Inc., San Diego. 581 pp.
8. Neumann, E., A. E. Sowers, and C. A. Jordan, editors. 1989. Elec-
troporation and Electrofusion in Cell Biology. Plenum Publish-
ing Corp., New York, 436 pp.
9. Wong, T.-K., and E. Neumann. 1982. Electric field mediated gene
transfer. Biochem. Biophys. Res. Commun. 107:584-587.
10. Neumann, E., M. Schaefer-Ridder, Y. Wang, and P. H. Hof-
schneider. 1982. Gene transfer into mouse lyoma cells by elec-
troporation in high electric fields. EMBO (Eur. Mol. Bio. Or-
gan.) J. 1:841-845.
11. Klenchin, V. A., S. I. Sukharev, S. M. Serov, L. V. Chernomordik,
and Yu. A. Chizmadzhev. 1991. Electrically induced DNA up-
take by cells is a fast process involving DNA electrophoresis.
Biophys. J. 60:804-811.
12. Chernomordik, L. V., A. V. Sokolov, and V. G. Budker. 1990.
Electro-stimulated uptake of DNA by liposomes. Biochim.
Biophys. Acta. 1024:179-183.
13. Sowers, A. E. 1988. Fusion events and nonfusion contents mixing
events induced in erythrocyte ghosts by an electric pulse.
Biophys. J. 54:619-625.
14. Dimitorv, D. S., and A. E. Sowers. 1990. Membrane electropora-
tion-fast molecular exchange of electroosmosis. Biochim.
Biophys. Acta. 1022:381-392.
15. Xie, T. D., L. Sun, and T. Y. Tsong. 1990. Study ofmechanisms of
electric field induced DNA transfection I. DNA entry by binding
and diffusion through membrane pores. Biophys. J. 58:13-19.
16. Xie, T. D., and T. Y. Tsong. 1992. Study ofmechanisms ofelectric
field induced DNA transfection III. Electric parameters and
other conditions for effective transfection. Biophys. J. In press.
17. Tekle, E., R. D. Astumian, and P. B. Chock. 1991. Electroporation
by using bipolar oscillating electric field: an improved method
for DNA transfection of NIH 3T3 cells. Proc. Natl. Acad. Sci.
USA. 88:4230-4234.
18. Chang, D. C. 1989. Cell poration and cell fusion using an oscillat-
ing electric field. Biophys. J. 58:641-652.
19. Xie, T. D., and T. Y. Tsong. 1990. Study ofmechanisms ofelectric
field induced DNA transfection II. Transfection by low ampli-
tude, low frequency alternating electric fields. Biophys. J.
58:897-903.
20. Tsong, T. Y., and R. D. Astumian. 1986. Adsorption and conver-
sion of electric field energy by membrane bound ATPases. Bio-
electrochem. Bioenerg. 15:457-476.
21. Tsong, T. Y. 1990. Electric modification of membrane proteins:
enforced conformational oscillations and biological energy and
signal transductions. Annu. Rev. Biophys. Biophys. Chem.
19:83- 106.
Xie et at. Electric Field-induced DNA Transfection 1031
